The morbid anatomical factors in the production of right heart hypertrophy and failure in emphysema have been reviewed with reference to 44 cases studied by standard histological methods and by post-mortem pulmonary arteriography. The most important factors in raising the pulmonary vascular resistance in these cases are considered to be vascular deformity and pressure by the emphysematous spaces on the adjacent branches of the pulmonary artery. Precapillary bronchopulmonary arterial anastomoses may be of importance in those cases where areas of localized bronchiectasis are present. Intimal fibrosis of the pulmonary arterioles, destruction of the pulmonary vascular bed, and thromboembolic phenomena were thought to be of only minor importance in the production of cor pulmonale in emphysema.
The term cor pulmonale is a somewhat nebulous one and before considering its pathogenesis an accurate definition is essential. The best definition is that given by Mack (1957) . He states that 'chronic cor pulmonale may be defined as hypertrophy of the right ventricle resulting from disease involving the lung and/or pulmonary circulation. Failure of the right ventricle need not be present'.
The frequency of this condition is difficult to estimate. White and Brenner (1933) considered that it was rare and accounted for only 1 % of patients with heart disease. Wood (1956) concluded that a conservative estimate of its frequency might be 5 to 10% of all cases of organic heart disease. Flint (1954) , analysing 300 consecutive cases of congestive heart failure admitted to a general hospital in Sheffield, found cor pulmonale in 76 cases. Whatever the true figure an increase in the incidence of the disease would seem to be likely. Patients suffering from chronic bronchitis and emphysema now receive antibiotics and thus survive to die of heart failure at a later date. Similarly many more children and young adults survive acute pulmonary infections, and the importance of these acute infections in the production of chronic lung diseases in later life has been emphasized by McLean (1957) . The use of antibiotics in pulmonary tuberculosis, with subsequent healing by fibrosis, and the increasing number of patients who undergo resection of pulmonary tissue with encroachment on their Received for publication 26 November 1960 respiratory reserve, are all factors likely to lead to an increased incidence of right heart hypertrophy and failure secondary to lung disease.
The advent of cardiac catheterization, together with the observation of von Euler and Liljestrand (1946) that anoxia produced a rise in pulmonary artery pressure, has tended to shift attention sharply away from the morbid anatomical lesions in right heart failure due to emphysema. This is unfortunate, as Whitaker (1954) in a careful pathophysiological study of cor pulmonale showed that some factor other than anoxia, high cardiac output, and increased blood viscosity was involved. Whitaker favoured carbon dioxide retention as being of importance but this has not been substantiated. It appears that the importance of the anatomical lesions in this condition has been overlooked. This may be due to the absence of the dramatic histological findings, such as medial hypertrophy and arteritis, seen in isolated histological sections in some cases of pulmonary hypertension secondary to congenital or rheumatic heart disease.
The present paper is concerned with the findings in the pulmonary vessels as shown by conventional histological techniques -and by post-mortem pulmonary arteriography. Arteriography gives an overall picture of the pulmonary vascular tree in a manner which is impossible by any other method. The degree of structural damage to the pulmonary arterial system cannot be assessed even on the basis of numerous isolated blocks of lung tissue studied by routine histological sections. If this is true of the (Ciba Symposium, 1959) from which the patients suffered are given in the accompanying Table. The thickness of the right ventricle was measured at the base and a measurement of 0-7 cm. or greater was considered to denote hypertrophy. The left ventricle was taken to be hypertrophied if it measured 1-5 cm. or more in thickness. All the patients complained of cough, expectoration of sputum, and breathlessness, and most of them died a respiratory death with an acute infection or congestive cardiac failure. Those dying from other causes are listed in the Table. The thoracic organs were removed from the cadaver in one piece. Considerable care was taken not to puncture the lungs at any point and if necessary the parietal, as well as the visceral, pleura was removed. The heart was dissected from the lungs, the pulmonary veins being cut individually in their intrapericardial course but the pulmonary artery was left intact and was divided from the heart at a point just above the pulmonary valves.
PULMONARY ARTERIOGRAPHY RADIO-OPAQUE MEDIUM A barium sulphate mixture (Micropaque) was used. The injection mass consisted of 75 % Micropaque and 5 % gelatin in water. The mixture was heated to, and kept at, a temperature of 75°C. 3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43 540  420  520   850  520  480  354  400  400  300  324  320  540  530  536  440  260  340  530  476  450  380  370  310  540  420  402  410  360  382  500  390  480   290  520  362  280  500  364  416   340  540  650 Intimal fibrosis was a fairly common finding in muscular pulmonary arteries and was often seen in relation to adjacent diseased bronchioles (Fig. 6) . Case 43 was unique in that it did show medial hypertrophy and fibrinoid necrosis in the muscular pulmonary arteries. It has been described fully elsewhere (Dunnill, 1960) .
The pulmonary arterioles, vessels of less than 0-1 mm. diameter, showed focal areas of intimal fibrosis in all cases (Fig. 10) . This may well pass unnoticed in haematoxylin and eosin preparations but it is clearly apparent in sections stained for elastic tissue. This change is seen as an age phenomenon in normal lungs and so its significance is difficult to assess, but it was noticeable that it was more severe in relation to areas of emphysema. ARTERIOGRAPHIC the two circulations may unite at precapillary level. The actual size of the communications joining the two circulations is greater than 0-03 mm. diameter, beyond which the injection mass will not penetrate, and usually less than 0 1 mm. diameter.
Diffuse narrowing of arteries This change was present in the small arterial branches in areas of emphysema. In radiographs of the whole lung it could be seen as a generalized pruning but it was best demonstrated in 1 cm. thick slices (Figs. 8 and  9 ). Histological sections of such areas showed that the vessels were fully distended but severely affected by intimal fibrosis (Fig. 10) . The lumen was circular and filled with injection mass but the surrounding elastic laminae were corrugated and obviously not stretched to capacity. This is due to the fact that intimal fibrosis results in the arteriole becoming rigid and non-distensible. Frequently there was an 'avascular' area between one secondary lobule and the next. This appearance was due to the fact that the arterioles in these areas were narrowed to less than 0 03 mm. diameter and thus failed to fill with the injection mass.
Areas of centrilobular emphysema These are particularly well shown in pulmonary arteriograms (Fig. 11) . They are situated at the point where the artery supplying the secondary lobule bifurcates, the emphysematous space being situated in the fork formed by the two branches. The effect of this on the vessel will depend to some extent on the size of the emphysematous space but even in areas where it is relatively small the adjacent arteries will be deformed. The centrilobular emphysematous space is situated at a key point with reference to the arterial supply to the secondary lobule. If the pressure within the emphysematous space rises the surrounding vessels will be compressed and have to pursue an abnormally circuitous course to the rest of the lobule.
Areas of panacinar destructive emphysema The main arteriographic feature is one of thin spidery arteries which appear much more widely separated than in a normal lung (Fig. 12) . The difference is, however, greater than this because in addition very few small branches come off these vessels. This is to be expected from the histological nature of the lesion.
The arteriogram represents a combination of parenchymal destruction, with corresponding obliteration of the vascular bed, and intimal fibrosis in the remaining vessels.
Areas of fibrosis Two quite distinct types of vascular pattern were seen in areas of fibrosis. In the first type, which was more frequent, there was a marked degree of tortuosity in the muscular pulmonary arteries and aterioles. This was an arresting finding in the arteriograms (Fig. 13) histological appearance of these lesions, which were sometimes related to areas of emphysema, depended on their age. A recent lesion appeared as a focus of organizing pneumonia with somewhat shrunken alveoli filled with plump fibroblasts and a few chronic inflammatory cells. In a single histological section of such an area any given artery may appear several times (Fig. 14) thus giving the illusory appearance of increased vascularity. In an older lesion the vascular pattern remains similar but the histology alters because fibrosis is more advanced and the most prominent feature is the dense aggregation of elastic fibres which outline the collapsed alveolar pattern. In this type of lesion the vessels still appeared tortuous but there was very considerable luminal narrowing due to fibrous intimal proliferation.
The second pattern in areas of fibrosis was one of simple avascularity as far as the pulmonary arteriograms were concerned (Fig. 11) . The surrounding vessels were thin and tapering. Histology of such an area showed hyaline fibrous tissue surrounded by lymphocytes. Occasionally a giant cell of the Langhans type could be seen and it is probable that these areas, which are not common, represent old tuberculous lesions. This would be in keeping with the views of Cudkowicz (1952) who found that tuberculous lesions frequently gained their blood supply from the bronchial as opposed to the pulmonary circulation.
Antemortem thrombus in branches of pulmonary artery This was a finding in 16 cases. In 12 cases thrombus was found in the femoral veins or deep calf veins at necropsy but in the remaining four cases no systemic venous thrombosis was detected at all. Gross examination of the lung slices in conjunction with the arteriograms showed thrombus in the elastic pulmonary arteries in 10 cases. In the further six cases thrombus was found in the muscular pulmonary arteries when the lungs were examined histologically. It must be assumed that in those cases where leg vein thrombosis was present the thrombus found in the pulmonary arterial branches was embolic in origin. In the four cases where no leg vein thrombosis was found it seems most probable that there was a thrombosis in the small pulmonary arterial branches which took place as a reaction to the adjacent inflammatory reaction in the bronchioles and pulmonary tissue.
In three cases there was evidence of pulmonary infarction. The reason for this is not fully apparent as in none of these cases was the thrombus particularly large nor did the affected lung suffer from chronic passive venous congestion. However, Torack (1958) described pulmonary infarction occurring in the absence of congestion due to heart disease where there was pleural effusion, pneumonia, pulmonary collapse, or bronchial occlusion. In all three cases showing infarction there was coexistent acute pulmonary infection and this was probably the important factor.
DISCUSSION
The syndrome of 'chronic bronchitis and emphysema' is the commonest and most important cause 255 group.bmj.com on November 6, 2017 -Published by http://jcp.bmj.com/ Downloaded from of cor pulmonale in Great Britain. The factors involved in the pathogenesis of this condition can be divided into disturbances of physiology, such as anoxia, carbon dioxide retention, and polycythaemia, and disturbances in the anatomical structure of the lung and pulmonary circulation. While it is realized that thefirstgroup offactors is very important it is with the second group that this discussion is concerned.
INTIMAL FIBROSIS OF ARTERIES AND DESTRUCTION OF
PULMONARY VASCULAR BED The normal pulmonary vascular bed is capable of an extreme degree of distensibility. Thus in a normal subject the pulmonary blood flow of approximately 5 litres a minute at rest can be increased to values as high as 25 or 30 litres a minute during exercise with little or no increase in pulmonary artery pressure. Factors decreasing this distensibility are of importance in the production of cor pulmonale. It is usually claimed that intimal fibrosis in the arterioles, destruction of the capillary bed, and parenchymal fibrosis are the three most important lesions in this respect. The significance of intimal fibrosis of the arterioles is in dispute. That such lesions occur and are frequent is not doubted but what part they play in raising the pulmonary artery pressure is debatable. Evans (1951) considers them all important. However, intimal fibrosis has been described as a normal age phenomenon in adults with no evidence of cardiac or pulmonary disease by Welch and Kinney (1948) and Civin and Edwards (1951) , and, although it may be more extensive in cases ofemphysema (McKeown, 1952) , the difference is not enough to account for right ventricular hypertrophy. The origin of the intimal fibrosis is unknown. It may represent organized mural thrombus, and McLean (1958) has pointed out that there is a close topographical relationship between sclerotic arterial lesions and lung tissue showing chronic inflammatory damage. In particular he observed that sclerosis was much more striking in arteries adjacent to diseased bronchioles and he concluded that in many cases this intimal fibrosis represented organization of mural thrombus which had formed as a reaction to past acute inflammation. In general it may be concluded that these sclerotic arterial changes in emphysema are never sufficiently widespread or advanced to cause pulmonary hypertension on their own account. They differ too little from the normal age change and their distribution is too localized. Mack (1957) considers that destruction of the pulmonary vascular bed by conversion of small air spaces into fewer larger spaces with destruction of alveolar septa and loss of capillaries is important in the production of cor pulmonale in emphysema. However, before there is any rise in pulmonary artery pressure there must be a considerable degree of destruction of pulmonary tissue. Flores, Adams, and Perkins (1954) reduced the pulmonary arterial tree of dogs to 15% of normal without producing pulmonary hypertension at rest though they did find a rise in pressure on exercise. In clinical practice numerous patients have undergone resection of a lung without developing pulmonary hypertension, at least during a short-term follow-up. Motley (1959) has found that pulmonary heart disease may develop in the older age groups after a latent period of several years during which regular work and activity have been carried out. He considers that heart failure in these cases is due to the over-distension of the remaining lung which takes place to fill the space left by the tissue which has been removed, and that the condition can be prevented by thoracoplasty.
In the various forms of emphysema destruction of the pulmonary vascular bed probably plays a minor role in the pathogenesis of cor pulmonale. In many cases of centrilobular emphysema with right ventricular hypertrophy the pulmonary destruction is confined to the centre of the secondary lobules, the alveoli at the periphery being relatively normal. In panacinar destructive emphysema the degree of destruction of the vascular bed is more striking but it is seldom enough to force one to conclude that it is a major factor in raising pulmonary vascular resistance when it is remembered that, if an analogy can be drawn from experimental work, over 80 % of lung tissue would have to be destroyed.
AREAS OF FIBROSIS Focal areas of fibrosis are common in chronic non-specific lung disease. Numerous authors (Mack, 1957; Motley, 1959; Spain, 1959) imply that in areas of pulmonary fibrosis there is vascular obliteration with narrowing of the vessels due to contraction of surrounding fibrous tissue. This may be seen in a few areas but more commonly the areas of fibrosis contain branches of the pulmonary artery that are most remarkable for their tortuosity. This phenomenon of vascular deformity with increased tortuosity as a factor in raising pulmonary vascular resistance was emphasized by Patel and Burton (1957) . They found deformity or 'gnarliness' of the pulmonary arterial branches in rabbits following the injection of norepinephrine and they considered it to be a major factor in raising the pulmonary vascular resistance and thus the pulmonary artery pressure. Similarly Reynolds (1956) has shown that in guinea-pigs the raised pulmonary vascular resistance during foetal life could be correlated with the coiled and tortuous nature of the small pulmonary vessels in the foetal lung. After birth when the pulmonary vascular resistance falls dramatically these vessels uncoil and become straight.
Clearly in emphysema the areas of fibrosis with their tortuous vessels are of no great importance in raising the pulmonary vascular resistance as a whole unless they are very extensive. Their main importance lies in the fact that they raise the resistance locally to pulmonary blood flow thereby serving to divert blood away from the fibrotic areas to the more normal parts of the lung where oxygenation can take place.
AREAS OF LOCALIZED BRONCHIECTASIS The significance of precapillary bronchopulmonary arterial anastomoses in the production of right ventricular hypertrophy in bronchiectasis has been fully discussed by Liebow et al. (1949) . These anastomoses raise the pulmonary artery pressure and increase the work of the right ventricle, because the pressure in the bronchial arteries is related to the pressure in the aorta and is therefore higher than that in the pulmonary artery. In the cases discussed here the areas of bronchiectasis were small and localized and probably played only a minor role in the production of right ventricular hypertrophy. It is interesting to note that Spain (1959) considers that cor pulmonale does not occur in bronchiectasis unless the disease is diffuse, bilateral, and accompanied by emphysema.
It should be noted here that no attempt has been made in this series of cases to demonstrate the bronchopulmonary venous anastomoses described by Liebow (1953) in cases of emphysema. It appears that most of his patients suffered from bullous emphysema rather than one of the more diffuse varieties of the disease. THROMBO-EMBOLISM Thrombo-embolic phenomena are common in the pulmonary arteries of patients with pulmonary emphysema. There is little evidence, however, that they play a major part in the production of pulmonary hypertension in this condition. Kernen, O'Neal, and Edwards (1958) reviewed the incidence of pulmonary arteriosclerosis and thrombo-embolism in emphysema. They concluded that neither could be an important factor in the pathogenesis of pulmonary hypertension with chronic emphysema since the incidence of both pulmonary arteriosclerosis and thrombo-embolism was the same in cases of emphysema with right ventricular hypertrophy and without right ventricular hypertrophy.
AREAS OF CENTRILOBULAR EMPHYSEMA Leopold and Gough (1957) in their original communication on the centrilobular form of emphysema noted that right ventricular hypertrophy was present in over half their cases. In the present series of cases the relationship was even more marked. The explanation for the right ventricular hypertrophy in these cases is not at once apparent. In many instances the destruction of the vascular bed is not great, the areas of emphysema being confined to the centre of the lobule, fibrosis is not a prominent feature, and the degree of intimal thickening in the small branches of the pulmonary artery is not enough to account for the cardiac hypertrophy. A possible answer is to be found in the pulmonary arteriograms. Attention has been drawn to the fact that centrilobular emphysematous spaces are often situated at the bifurcation of the muscular pulmonary arteries supplying the secondary lobules. The arteries instead of pursuing a straight course curve around the emphysematous space bringing in an element of vascular deformity. Probably the most important factor in these cases is the pressure of the emphysematous space itself on the adjacent artery. In considering resistance to flow in arteries pressure on the vessels from without is usually ignored, attention being focused almost entirely on thrombus in the lumen and intimal fibrosis and medial hypertrophy in the wall. In emphysema, where medial hypertrophy is seldom if ever present and thrombus and intimal fibrosis are insufficient to account for the cardiac changes, it may well be that this extravascular factor is all important. Spain and Handler (1946) considered that intra-alveolar pressure on the pulmonary capillaries was important but they appear to have given little attention to the arteries.
Physiological studies bear out the importance of intra-alveolar pressures on pulmonary blood flow. Bjurstedt and Hesser (1953) showed that in dogs during inspiration the output of the right heart increases and there is an increase in pulmonary artery pressure. Garcia Ramos (1955) found that in normal animals the pulmonary capillaries were flattened during inspiration and this has been thought to be the explanation for the increase in pulmonary vascular resistance during this phase of the cycle. Riley (1959) , using isolated lung preparations, showed that there was an increase in resistance to pulmonary blood flow during lung inflation. In emphysema the findings are somewhat different. Attinger, Goldstein, and Segal (1956) and Dekker (1958) have demonstrated clearly that in emphysema expiration is very prolonged with the production of a markedly positive intra-alveolar pressure. The measurement of absolute values is subject to error due to technical difficulties but it is possible for values of at least 40 cm. of water to be sustained during expiration. Such pressures when exerted on the smaller branches of the pulmonary artery will easily cause compression and occlusion; the pressure in the main pulmonary artery does not reach these levels during health. Although such a pressure is only intermittently exerted it must be remembered that in emphysema, where the expiratory part of
